One rRNA operon of all mycobacteria studied so far is located downstream from a gene thought to code for the enzyme UDP-N-acetylglucosamine carboxyvinyl transferase (UNAcGCT), which is important to cell wall synthesis. This operon has been designated rrnA f for fast-growing mycobacteria and rrnA s for slow growers. We have investigated the upstream sequences and promoter activities of rrnA f operons of typical fast growers which also possess a second rrn (rrnB f ) operon and of the rrnA operons of the fast growers Mycobacterium abscessus and Mycobacterium chelonae, which each have a single rrn operon per genome. These fast growers have a common strategy for increasing the efficiency of transcription of their rrnA operons, thereby increasing the cells' potential for ribosome synthesis. This strategy involves the use of multiple (three to five) promoters which may have arisen through successive duplication events. Thus we have identified a hypervariable multiple promoter region (HMPR) located between the UNAcGCT gene and the 16S rRNA coding region. Two promoters, P1 and PCL1, appear to play pivotal roles in mycobacterial rRNA synthesis; they are present in all of the species examined and are the only promoters used for rRNA synthesis by the pathogenic slow growers. P1 is located within the coding region of the UNAcGCT gene, and PCL1 has a characteristic sequence that is related to but distinct from that of the additional promoters. In fast-growing species, P1 and PCL1 produce less than 10% of rRNA transcripts, so the additional promoters found in the HMPR are important in increasing the potential for rRNA synthesis during rapid growth. In contrast, rrnB operons appear to be regulated by a single promoter; because less divergence has taken place, rrnB appears to be younger than rrnA.
Mycobacteria belong to the high guanosine-plus-cytosine branch of gram-positive bacteria. They are characterized by a complex cell envelope which includes many unusual glycolipids and mycolic acids, constituting a highly hydrophobic structure (22) . The genus Mycobacterium can be conveniently subdivided into two categories based on growth rate. However, they are all very closely related as judged, for example, by the high levels of similarity (94% or more) between their 16S rRNA gene sequences (26, 28, 33) .
The slow growers include the human pathogens Mycobacterium leprae and Mycobacterium tuberculosis, which have the ability to survive and grow within host cells. The mechanisms employed by these slow-growing pathogens to regulate growth rates are not understood. It is believed that growth requires strict control of a cell's capacity to synthesize proteins. For example, the number of ribosomes per cell is related to growth rate, as has been shown for M. tuberculosis (39) . However, the molecular mechanisms used by mycobacteria to relate ribosome synthesis to growth rate are not known in detail. The use of conventional genetic approaches for the analysis of mechanisms of growth control is particularly difficult because of the slow growth rate. Comparison of homologous sequences from closely related mycobacterial species and from mycobacterial species which differ markedly in their growth rates provides a complementary approach (see, for example, references 14 and 15) . The underlying principle is that highly conserved sequence motifs are likely to be important to function; in other words, the functional requirements of a motif may limit evolutionary divergence.
Pathogenic and closely related slow-growing mycobacteria have a single rRNA (rrn) operon of classical structure per genome, as shown previously for M. leprae (23, 24, 31) , Mycobacterium bovis (35) , and M. tuberculosis (18) . These operons are considered to be members of one family, the rrnA s operons, the subscript denoting slow growth (14) . The fast-growing species Mycobacterium smegmatis has two rrn operons per genome (3), one of which is homologous to the rrnA s operon and is designated rrnA f (the subscript denoting fast growth); in all species examined to date, the rrnA operon is located downstream of a gene encoding the enzyme UDP-N-acetylglucosamine carboxyvinyl transferase (UNAcGCT), which is involved in cell wall synthesis (11, 12) . The second operon of M. smegmatis, designated rrnB f , was found downstream from an open reading frame (ORF) coding for tyrosyl-tRNA synthetase (12, 27) .
Thus one mechanism by which growth rates and ribosome synthesis are linked is gene dosage, with fast growers having two rRNA operons and slow growers having only one. However, the possession of more than one operon per genome is not essential for rapid growth. For example, each of the fast growers Mycobacterium abscessus and Mycobacterium chelonae has a single rrn operon per genome (7) . Production of rRNA is also known to be regulated at the level of gene expression; thus although the rrnA operons are homologous, the rrnA f operon of M. smegmatis has three promoters whereas the rrnA s operon of M. tuberculosis has two (12) .
In the present study we have investigated the upstream sequences and promoter activities of three fast growers having two rrn operons per genome, Mycobacterium phlei, Mycobacterium fortuitum, and Mycobacterium neoaurum, and two fast growers having a single rrn operon per genome, M. abscessus and M. chelonae (7) , and compared them with the archetypal slow grower M. tuberculosis and the most extensively studied fast grower, M. smegmatis. This has enabled us to further clarify the strategies used by mycobacteria to regulate rRNA synthesis.
MATERIALS AND METHODS

Materials.
All chemical reagents, primers, and commercial kits were described previously (10, 12 Isolation of DNA and RNA. Plasmid DNA (30), genomic DNA (11), and total RNA (12) were isolated by methods described previously.
Construction of an M. chelonae minilibrary. M. chelonae DNA was prepared as described elsewhere (10) . Standard techniques were used for cloning, plasmid isolation, restriction enzyme analysis, and colony blots (30) . Plasmid pUC18 (40) was used for cloning and sequencing of mycobacterial DNA. M. chelonae DNA was digested with restriction enzyme PstI. A minilibrary using pUC18 as a vector was prepared with fragment sizes ranging from 2.5 to 3.5 kbp, and standard colony blot techniques were used for screening the minilibrary for a 16S rRNA fragment.
Amplification of the upstream regions of rrnA operons by PCR. Bacterial DNA (1 to 100 ng) of M. phlei, M. fortuitum, and M. neoaurum was amplified by PCR (29) as described previously (16) . The upstream regions of rrnA operons, comprising approximately 114 codons of the gene for UNAcGCT, the promoter regions, and part (approximately 360 nucleotides) of the 16S rRNA coding region, were synthesized with primer JG7 (5Ј CTG CAG CCG ATG GCT ATC GCT TG 3Ј) in combination with RAC8 (5Ј CAC TGG TGC CTC CCG TAG G 3Ј). This combination was used previously to amplify the upstream regions of rrnA operons of M. smegmatis and M. tuberculosis (12) . The targets for primer JG7 correspond to the sequences complementary to positions 1 to 24 of the sequence upstream from the rrnA operon of M. tuberculosis (12, 18) . The targets for RAC8 correspond to positions 339 to 357 of the 16S rRNA coding region of the rrnA of M. tuberculosis (18) .
The upstream region of the rrnA operon of M. abscessus was synthesized with the combination of primers RAC1 (5Ј TCG ATG ATC ACC GAG AAC GTG TTC 3Ј) and RAC8. The binding site for RAC1 is 46 nucleotides downstream from the binding site for JG7. Comparison of the available sequences revealed that the region coding for the peptide SMITENVF is conserved and is thus a preferred target for PCR amplification.
Cloning and sequencing. Escherichia coli DH5␣ was used as a host for the cloning of M. chelonae DNA. Competent cells were transformed by electroporation. The PCR products were ligated into pCR II and transformed into One Shot (INV ␣FЈ) competent cells, as described previously (12) . Transformant cells were selected on Luria-Bertani medium with the addition of ampicillin (100 g ml
DNA sequences were determined by the dideoxy chain termination procedure, as described previously (16) , with universal primers (United States Biochemical Corp. and Pharmacia) and other appropriate primers (for examples, see reference 12). Where PCR products were used as a source of DNA, at least seven colonies were sequenced. Primer extension studies. Oligonucleotide primer JY15 (5Ј CAC ACT ATT GAG TTC TC 3Ј) has a target site close to the BoxA L motif, which is part of the CL2 region, described below, and which is present in all mycobacterial rrn operons studied so far. This primer was end labelled with [␥-32 P]ATP by T4 polynucleotide kinase, and the primer extension was carried out with avian myeloblastosis virus reverse transcriptase as described previously (12) .
Data bank searches and alignment of sequences. Computer-aided searches of data banks for the occurrence of nucleotide sequences from the leader region (CL2) of the 16S rRNA gene and of sequences from the conserved region C 46-75 of the gene coding for the enzyme UNAcGCT were carried out with the BLASTN program (1). Promoter sequences were aligned with the PILEUP program, which is part of the Genetics Computer Group sequence analysis software package (6) .
Nucleotide sequence accession numbers. The EMBL and GenBank accession numbers for the sequences determined in this study are as follows: M. phlei, X99776; M. fortuitum, X99775; M. neoaurum, X99777; M. chelonae, Y13911; M. abscessus, Y13910.
RESULTS
Isolation and sequencing of upstream regions. The region upstream from the single rrn operon of M. chelonae was obtained by treatment of the genomic DNA with PstI endonuclease, separation of the fragments, and cloning of the appropriate 3-kbp fragment fraction in plasmid pUC18 (see Materials and Methods). The region upstream from the single rrn operon of M. abscessus was obtained by PCR amplification with primers and methods described previously (11) . The upstream regions of the rrnA operons of M. phlei, M. fortuitum, and M. neoaurum were amplified by PCR and cloned as described above for M. abscessus (see Materials and Methods). The cloned upstream regions were sequenced by a strategy previously described for M. smegmatis (12) . The identity of each species investigated was confirmed by analysis of the 16S rRNA gene sequences. The variable V2 regions (positions approximately 138 to 220) are useful for this purpose (18) .
Analysis of transcription starting points. The transcription start sites of the rrnA f and rrnB f operons of M. smegmatis were established by primer extension (12) and RNase protection assays (10a). These data provide a frame of reference for the assignment of possible promoter elements to primer extension products obtained for the other typical fast growers studied ( Fig. 1 ). Primer JY15 yields products with transcripts of both the rrnA f and rrnB f operons. Products corresponding to putative promoter elements (consensus Ϫ10 and Ϫ35 boxes) were identified as probable transcription starting points. Three starting points were identified in M. phlei, four in M. neoaurum, and five in M. fortuitum. In each case, one major product was found to correspond in size to the product of the single promoter of rrnB f of M. smegmatis (Fig. 1b) . It was not possible to design primers which would distinguish between the rrnA f and rrnB f operons. However, the correspondence in size with the product of rrnB f of M. smegmatis and the lack of correspondence with a recognizable promoter sequence in the rrnA operon strongly suggest that these products are also derived from the rrnB f operon. The remaining products correspond to transcripts of the rrnA f operons. The primer extension products obtained for M. chelonae and M. abscessus (Fig. 2) revealed five starting points in each case.
Organization and analysis of rrnA operons. The organization and analysis of rrnA operons are summarized in Fig. 3 . In all five species an ORF coding for a protein significantly similar to UNAcGCT was identified upstream from the 16S rRNA gene, confirming that each operon is a member of the rrnA family. Comparison of the sequences revealed two conserved elements, designated CL1 and CL2, located between the 3Ј ends of the ORFs and the 5Ј ends of the 16S rRNA genes. The 19-bp CL1 element (consensus, 5Ј GGC AGG GTT GCC CCG AAA C 3Ј) was first identified in M. tuberculosis, M. leprae, and six other slow growers (14) . The CL2 element (5Ј TGT TGT TTG AGA ACT CAA TAG TGT GT 3Ј) has the 12-bp motif coding for the putative BoxA L element, thought to be involved in ensuring complete transcription of the operon by diminishing premature termination (5), at the 5Ј end. This motif corresponds to the first 26 bp of the 31-bp "invariant region" which is present in all eight of the slow growers investigated by Ji et al. (14) and in the four typical fast growers included in this study, namely, M. phlei, M. smegmatis, M. fortuitum, and M. neoaurum. The CL2 motif appears to be confined to members of the genus Mycobacterium. A search of the databases revealed 50 related bacterial sequences. Fifteen perfect matches were identified, and all of them were found in the leader regions of mycobacterial rrn operons. The remaining 35 sequences, of approximately 65% similarity, were also found to be mycobacterial in origin and to be centered on the BoxA S motif of the spacer 1b region separating the 16S rRNA and 23S rRNA genes. The BoxA L and BoxA S sequences are closely related (15, 16) .
The number of transcription starting points per operon was found to correlate with the distances between the 3Ј ends of the ORFs and the 5Ј ends of the CL2 motifs (Fig. 3) ; these sections were designated hypervariable multiple promoter regions (HMPRs) (see below). The number of transcription starting points per operon, the number of operons per genome, the sizes of the HMPRs, and evolutionary distances are summarized in Table 1 . Fig. 1 and 2 ) and are numbered in the order (largest to smallest) of the sizes of the primer extension products. In each case the binding site for primer JY15 is located within the CL2 region. The tsp indicated by the broken arrow was identified by sequence similarities. The same scale, shown by the bar, was used throughout.
Putative promoter sequences. The process of initiation of transcription is believed to involve a sequence extending from Ϫ55 to ϩ25 bp from the start of transcription, a region of approximately 80 bp (21) as judged by the properties of typical E. coli promoters (for reviews, see references 9 and 20). Mycobacterial rpo (13) and sigma factors (8) are known to be homologous with their E. coli counterparts; hence the E. coli model is expected to be a guide to mycobacterial promoter functions (Fig. 4a) . Having identified the starting points of transcription (see above), it was possible to identify putative promoter sequences, which are compared in Fig. 4 and 5 . It is possible that some of the primer extension products may have resulted from RNA processing or degradation and that not all rRNA promoters require the same sigma factor and hence may not have easily recognizable sequence features. Thus these should be considered putative promoters until further functional analysis has been carried out. However, evidence for the P1 and PCL1 promoters of M. tuberculosis is also based on previously published experiments using a promoterless reporter gene (14, 37) .
Two sets of promoters were found to be present in all of the species studied and were equivalent to the two promoters of the rrnA s operon previously characterized for M. tuberculosis (12) . One set, the P1 promoters, located furthest upstream from the 5Ј ends of the 16S rRNA genes, lies within the coding regions of the genes thought to code for UNAcGCT. In all cases except M. chelonae and M. abscessus, the transcription starting points are located immediately downstream of the ORFs. In M. chelonae and M. abscessus, the transcription starting points associated with the P1 promoter are located within the ORFs (Fig. 3) . In all cases, typical Ϫ10 boxes were identified but no typical Ϫ35 box was found (Fig. 4b) .
Each promoter of the second set, the PCL1 promoters (Fig.  4c) , is characterized by having the conserved CL1 motif contiguous with the Ϫ10 box. These promoters were designated P3 in our earlier paper (12) . The set of Ϫ10 and Ϫ35 boxes is typical of promoters requiring the initiation factor sigma 70 or its equivalent. The location of PCL1 promoters is not fixed. For example, in M. chelonae and M. abscessus these promoters are close to the genes thought to code for UNAcGCT, whereas in each of the other species the promoter is located further downstream (Fig. 3) .
The two promoters (P1 and PCL1) of M. tuberculosis are separated by 77 bp ( Table 2 ). The promoter sequences (Fig. 4) do not overlap, indicating that each promoter can form an initiation complex with rpo independently of the other. However, there may be an indirect influence of one promoter on the other. For example, an elongation complex formed at P1 will transcribe the PCL1 sequence, and the passage of the rpo complex will inactivate the promoter, thereby reducing the time available for it to form initiation complexes with rpo. Conversely, the engagement of PCL1 in the formation of an initiation complex is expected to block the passage of upstream elongation complexes. These steric effects become more pronounced as the rate of formation of initiation complexes increases.
Additional promoters of fast-growing species giving rise to the HMPR. As illustrated in Fig. 3 , the rrnA operons of all of the fast growers studied have more than the two promoters mentioned above. M. phlei, M. smegmatis, and M. neoaurum have one promoter (P2), and M. fortuitum has two promoters (P2 and P3) located between promoters P1 and PCL1. The extended promoter sequences of the additional P2 promoters are compared in Fig. 5a . The P3 promoter of M. fortuitum resembles the PCL1 promoter (Fig. 4c ) more than it does the P2 promoter (Fig. 5a) .
Interestingly the two fast-growing species which have a single rrn operon, M. chelonae and M. abscessus, each have five promoters, giving rise to extended HMPRs. In addition to P1 and PCL1, M. chelonae has three promoters, P2, P3, and P4, between the two conserved elements, CL1 and CL2 (Fig. 3) . There is high homology (80% or more) among P2, P3, P4, and PCL1, suggesting that sequence replication has occurred. The four repeat (r) sequences (r1 to r4), each of approximately 130 bp, were aligned in order of their similarities with the PILEUP program, and the sequences of the three promoters located within the repeats (corresponding to transcription starting points 3, 4, and 5) are compared in Fig. 5b in the order identified by the PILEUP program.
The rrnA operon of M. abscessus also has five promoters. The sequence data reveal five repeat sequences (r1 to r5), each of approximately 130 bp. The replicate sequence, r2, located between transcription starting points 2 and 3 ( Fig. 3) was found to lack promoter activity even though it closely resembles the other promoter sequences (Fig. 5c) . The replicate r2 has hexamers which each differ from the Ϫ10 and Ϫ35 boxes of the other promoters, namely, 5Ј TATAAC 3Ј compared with 5Ј TACAGT 3Ј and 5Ј GTGACT 3Ј compared with 5Ј TTGACT 3Ј (Fig. 5c) . Comparison of Fig. 5b and c reveals that the replicate promoter sequences of M. chelonae and M. abscessus are very similar, as might be expected because the two species are known to be very closely related ( Table 1) .
The ten "additional" promoters presented in Fig. 5 have conserved sequence motifs other than their Ϫ10 and Ϫ35 boxes in common. One motif (5Ј RACCRG 3Ј) is centered close to position Ϫ46 (e.g., Ϫ48 to Ϫ43). Another motif (5Ј CR 2-7 CG) is centered on approximately position ϩ12 (e.g., ϩ9 to ϩ15). In the PCL1, P2, P3, and P4 promoters of M. chelonae and M. abscessus, the doublet TG, which is found in positions Ϫ15 and Ϫ14, may be important to function (4, 17, 19) . The features common to all of the additional promoters, which span approximately 70 bp, are summarized in Fig. 5d . Promoter P3 of M. fortuitum (Fig. 4b ) also conforms to this consensus promoter (Fig. 5d) . The Ϫ35 boxes and Ϫ10 boxes of the additional promoters, like PCL1 promoters, are separated by 18 bp in most cases. Thus in 17 promoters the separation is 18 bp, in one promoter the separation is 17 bp, and in one other promoter the separation is 16 bp. Relative activities of promoters. The primer extension data ( Fig. 1 and 2 ) suggest that the three categories of promoters, P1, PCL1 and P2/3/4, differ in their activities. The number of transcripts originating from a particular starting point is, depending on stability, directly proportional to the radioactivity of the end-labelled primer extension product. The relative activities of the promoters of rrnA operons growing exponentially in rich media are summarized in Table 2 . In general the P1 and PCL1 promoters, which are present in all mycobacterial rrnA operons, were found to be less active than the additional promoters, P2, P3, and P4.
The VL region. The VL region, which extends from the 3Ј end of the CL2 motif to the 5Ј end of the 16S rRNA gene (Fig.  3) , ranges in size from 66 bp (M. chelonae) to 159 bp (M. neoaurum). The differences in the sizes of the VL regions are reflected in their capacities to form stem-loop structures. Possible structures that may have been formed by the time RNA polymerase had proceeded to the 5Ј ends of the 16S rRNA genes are compared in Fig. 6 . A feature common to all mycobacterial rrn operons studied to date (see also references 14 to 16) is helix L1, which has a pyrimidine-rich loop of at least eight residues that includes the conserved motif 5Ј YYYG 3Ј (Fig. 6) . The VL regions of M. chelonae and M. abscessus do not have the capacity to form stem-loop structures downstream from helix L1; in contrast, the representative fast grower, M. smegmatis, can form four additional stem-loop structures, and the pathogen M. tuberculosis can form two.
The secondary structure of component motifs of pre-rRNA may be altered as transcription proceeds. For example, helix 1 (Fig. 6 ) is believed to be modified in mature 16S rRNA (18) through base pairing with more distant residues, namely, between residues 29 to 39 and 537 to 545 and between residues 19 to 21 and 908 to 910. Once transcription has proceeded beyond the 3Ј end of the 16S rRNA gene, a sequence of approximately 50 bp, which is believed to form a bihelical stem structure with the CL2 motif and part of the VL region, is synthesized. The 5Ј end of the CL2 motif marks the beginning and the 5Ј end of helix L1 marks the end of this stem (16) .
We infer that because helix L1 is highly conserved it plays an essential functional role which has yet to be identified. A transient molecular scaffold function has been proposed for at least part of the VL region of the rrnB operon of E. coli (36) ; that is, early in the transcription of the operon the VL region binds Fig. 1 and 2) . Crosses indicate additional (usually minor) tsp. N x denotes a sequence of base pairs of the length specified by the subscript. The locations of the tsp are shown in proteins needed for the formation of the 30S subunit which are absent from the mature subparticle.
DISCUSSION
The rate at which a cell can synthesize rRNA determines the rate at which it can assemble ribosomes and synthesize proteins. The maximum rate at which rRNA synthesis can proceed sets an upper limit on the rate at which a cell can grow. Mycobacteria have evolved strategies for maximizing the efficiency and flexibility of rRNA synthesis with a minimal number of rrn operons. Slow growers, such as M. tuberculosis, have a single rrn operon with multiple promoters. Typical fast growers have two (rrnA and rrnB) operons per genome, and at least one of these (rrnA) has multiple promoters. Interestingly, some species, such as M. chelonae and M. abscessus, have single rrn operons but are nevertheless classified as fast growers; here we show that these species appear to have acquired additional promoters by a process of sequence duplication. Thus mycobacteria have at least two levels at which rRNA synthesis is regulated.
In this study we have mapped the transcription starting points of the rrnA operons of several species of mycobacteria. Analysis of sequences immediately upstream of these starting points has revealed promoter-like sequences. Although functional studies of mycobacterial promoters are relatively few, some general principles are beginning to emerge. While the Ϫ10 consensus sequence of E. coli appears to be conserved in mycobacterial promoters, a larger variety of sequences can be accommodated in the Ϫ35 region (2, 19, 25) . Organisms of the closely related genus Streptomyces, also belonging to the high GϩC branch of gram-positive bacteria, can also tolerate a large variety of sequences in the Ϫ35 regions of their promoters (34) . The principal sigma factors of M. smegmatis, M. tuberculosis, and M. leprae are nearly identical to the principal sigma factor of Streptomyces aureofaciens; while they are also nearly identical to the principal sigma factor of E. coli (RpoD) in the region responsible for binding to the Ϫ10 box, they differ substantially in the region involved in binding to the Ϫ35 box (2) . In this study we have also found that while Ϫ10 consensuslike sequences could readily be identified, this was not always the case for the Ϫ35 sequence. The sequences of 25 promoters identified in this study are presented in Fig. 4 and 5. Promoters P1 and PCL1 of mycobacterial rrnA operons appear to play a pivotal role in rRNA synthesis because they are present in all of the slow growers and fast growers studied thus far (Fig. 3) . These two promoters regulate the expression of the rrnA s operons of M. tuberculosis and other slow growers, whereas additional promoters are present in the rrnA f operons of fast growers (Fig. 3) . A feature of the P1 promoter is its location within the coding region of a gene coding for an enzyme (UNAcGCT) important to cell wall synthesis, which suggests the possibility that regulation of cell wall synthesis and that of rRNA synthesis are linked. The P1 promoters appear to be weaker than those of other categories, such as PCL1 and the additional promoters (Table 2) , and features such as Ϫ35 boxes, upstream regions, and downstream regions are more difficult to identify and to relate to the model promoter (Fig.  4a) .
Compared with M. tuberculosis, each of the typical fast growers has an increased potential for pre-rRNA synthesis which is achieved by two strategies. First, each species has two operons (rrnA and rrnB) per genome; second, the rrnA (rrnA f ) operon has at least one strong promoter (Fig. 5a ) in addition to promoters P1 and PCL1. M. fortuitum has two additional promoters; one of them (P3) has more in common (45 of 70 identities) with promoter PCL1 than with promoter P2 (33 of 70 identities). In light of the evidence for promoter duplication within the rrn operons of M. abscessus and M. chelonae ( Fig. 5b and c ; also see below), we suggest that P3 may have originated by duplication of PCL1 and subsequently diverged. The expression of both rrn operons of M. smegmatis was studied previously (12) . The rrnB operon, which is located downstream from a gene coding for tyrosyl tRNA synthetase (27) , was found to be regulated by a single promoter (P1). This promoter has features in common with the P2 promoter of the rrnA operons of typical fast growers, especially with the P2 promoter of the rrnA operon of M. smegmatis (Fig. 5e) . The shared features include 14 of 16 identities in the sequences immediately upstream from the Ϫ35 boxes and near identical Ϫ10 boxes; three A ⅐ T or T ⅐ A base pairs immediately downstream from each Ϫ10 box; and very similar (6 of 7 identities) putative downstream regions. There is no sequence corresponding to the CL1 motif in the rrnB operon. Control of the expression of the rrnB operon by a single promoter is in contrast to the multiple promoters identified in rrnA operons and may reflect the fact that the rrnB operon is much younger than rrnA and that promoter duplication has not yet occurred. M. abscessus and M. chelonae are unusual in that they each have a single rrn operon (7) and yet are classified as fast growers. Thus their potential for increased pre-RNA synthesis is achieved by the acquisition of additional promoters within the rrnA operon. Because of their distinctive features (Fig. 3) , the rrn operons of M. abscessus and M. chelonae are designated members of the rrnA i subgroup; the subscript denotes an intermediate position between the rrnA s operons typified by M. tuberculosis and the rrnA f operons typified by M. smegmatis, etc. (Fig. 3) . The rrnA i promoters are characterized by more than two promoters (for example, P1, PCL1, P2, P3, and P4), by a different location for P1 within the upstream ORF, by greater distances between promoters (approximately 130 bp, compared with 77 bp for M. tuberculosis), and by an abbreviated VL region ( Fig. 3 and 6 ). In the case of both M. chelonae and M. abscessus, the additional promoters P2, P3, and P4 are very similar in sequence to each other (Fig. 5) ; they are also related to PCL1 (Fig. 4c) . These sequence similarities suggest that the additional promoters may have arisen through successive replication events, starting with the replication of PCL1. Promoters P2, P3, and P4, which closely resemble one another, have approximately equal strengths, and they initiate the majority of pre-rRNA transcripts ( Fig. 2 ; Table 2 ). The additional promoters have the principal features of strong E. coli promoters (compare Fig. 4a and 5d) .
The slow-growing M. tuberculosis relies entirely on the activities of promoters P1 and PCL1. Fast growers have additional promoters with much greater relative activities than P1 and PCL1. For example, in the fast-growing M. smegmatis, P1 and PCL1 contribute only about 7.5% of the total number of pre-rRNA transcripts (10a). This observation suggests that under optimum conditions for balanced growth a slow grower such as M. tuberculosis will synthesize its complement of ribosomes at less than 1/10 of the rate observed for the fast growers studied. However, M. tuberculosis has approximately half the number of ribosomes possessed by M. smegmatis (39) . M. smegmatis, when grown in a rich medium, was found to have a generation time of about 2 h (10a). Thus, pro rata, M. tuberculosis would be expected to double its complement of ribosomes in approximately 13.4 h; the reported generation time (38) is 14 to 15 hours, indicating that a high proportion of the cell's capacity for ribosome synthesis is used under these conditions of growth.
Thus the HMPRs of the rrnA operons of mycobacteria con- tain a wealth of phylogenetic and functional information. In this study we have demonstrated that growth rates and ribosome synthesis may be linked by a number of different strategies, including gene dosage and differential gene regulation, and that evolutionary changes within the HMPRs have contributed to increases in the efficiency and flexibility of rRNA synthesis. Thus the fast growers have developed ways of increasing their capacity for rRNA synthesis. An understanding of how mycobacteria utilize this flexibility in response to different conditions and stimuli should provide new insights into how this important group of bacteria respond to a diverse range of environmental conditions.
